With the rapid development of technologies, such as 5G, cloud computing, and artificial intelligence, smart cities are gradually being implemented from a concept to actual development and deployment. A smart city integrates the management of multiple internet of things (IoT) terminals to improve urban development and to provide people with a better way of life. As a mobile and flexible terminal form of IoT, sensing fabric has been widely used in smart cities. In this article, a new generation of sensing fabric is combined with the smart city, and an emotion-guided interaction architecture of smart urban living is proposed. However, there is a lot of information redundancy in the spatiotemporal environment that is collected by the various sensing fabrics in a smart city. Therefore, an energy consumption optimization model for sensing fabrics based on the information redundancy in the spatiotemporal environment is also put forward. By recognizing the current data collection ability and residual energy of sensing fabric, an optimal data allocation strategy is obtained to further improve the user experience of the smart urban system. Simulation experiments were carried out to verify the effectiveness of the proposed model.
I. INTRODUCTION
With the increase of the urban population, how to manage cities intelligently to meet the various living needs of their many people is a problem that every urban citizen pays close attention to. By integrating multiple IoT terminals, a smart city manages and improves the development of cities, which improves service efficiency, greatly changes people's lifestyles, and enables citizens to obtain a better quality of life [1] , [2] . There are many application fields in a smart city, which cover all aspects of people's lives, including smart logistics, smart transportation, smart power grid, smart waste classification, smart healthcare, and so on [3] - [6] . In 2010, IBM officially put forward the concept of a ''Smart City'' [7] . Subsequently, the EIP-SCC program supported by the European Union further promoted the development of the smart city concept, aimed at improving urban living through sustainable and comprehensive solutions The associate editor coordinating the review of this manuscript and approving it for publication was Rongbo Zhu . to the challenges of energy, transportation, and other problems faced by cities [8] , [9] . By 2017, there have been 500 smart city trials in China [10] , and TrafficGO, developed by Huawei Company, is gradually being deployed and applied in Shenzhen.
In recent years, with the development of 5G, IoT, cloud computing [11] , edge computing [12] , AI, and other technologies, smart cities have made further development. In [13] , a low-power consumption LPWAN communication mode was introduced into a smart city to improve communication efficiency. In [14] , the authors browsed the semantic annotation of sensors in the cloud environment, defined the Cloud of Things (CoT) paradigm to perform aggregation of heterogeneous resources, and then connected CoT and IoT to realize innovative services of the smart city. In [15] , the authors proposed a transportation system of a smart city in which UAVs assist in communication. In [16] , the authors propose a smart urban health system based on crowdsourcing and cloud-assisted air quality perception. Regarding security and privacy protection problems in a smart city, Memos et al. [17] VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ proposed an efficient algorithm for a smart city with IoT media monitoring, and the algorithm fuses two kinds of algorithms in WSN packet routing and security. Furthermore, they also proposed a new media compression standard and efficient video coding, which improves the security of a smart city. A complete smart urban system includes the collection of a variety of heterogeneous data, efficient data transmission, accurate data analysis, and humanized interaction. Among them, big data perception and acquisition in a smart city rely on the development of IoT terminal technology [18] - [20] .
With the development of new materials, such as carbon fiber and graphene, a new generation of sensing fabrics and soft fabric sensors made of special fibers has also achieved many breakthroughs [21] . For example, in [22] , the authors developed a full-fabric thermopile. Even if the temperature difference is small, the thermoelectric generator integrated into the clothing can generate high thermoelectric power. Hughes et al. [23] proposed an intelligent composite electronic fabric for gesture recognition based on RF Technology. Zhang et al. [24] made a highly sensitive wearable strain sensor based on carbonized cotton fabric, which can be used to monitor an intense or subtle human movement. Xu et al. [25] made a lightweight and flexible pressure sensor based on silver-plated polyester fabric. Yapici and Alkhidir [26] designed and implemented a graphene functionalization-based intelligent medical clothing for monitoring electrocardiogram (ECG) data. As a data collection device of a new type of IoT terminal in the smart city, sensing fabric is not only as sturdy, durable, small in size, and comfortable to wear as traditional wearable devices but also characterized by strong stretching ability, softness, washability, and intelligence [2] , [27] . It can be said that the deep integration of the smart city and sensing fabric will become the core engine and the main trend of future social development. However, although the current smart city and sensing fabric mainly have brought convenience to people's lives in the physical world [28] , there is still a lack of emotional cognition and care for the spiritual world. It has been reported by the World Health Organization that there are 300 million people worldwide suffering from depression, and depression has become one of the world's largest disease burdens [29] .
Therefore, a smart urban living architecture is proposed in this article, which enables emotion-guided interaction with the next generation of sensing fabric. As people pay an increasing amount of attention to mental health problems, it is a major development trend in smart cities to realize human-centered emotional interaction with sensing fabric. In addition to collecting multiple physiological and psychological data of the user for emotion analysis, the sensing fabric will also collect spatiotemporal environment information as the user moves. The collected spatiotemporal environment information records the life trajectory of a user. Furthermore, as the auxiliary information for user emotion analysis and interaction, it can be used to infer the cause of users' emotions. Besides, a key factor that affects a user's experience of emotion interaction is the energy consumption of the sensing fabric. However, the energy of sensing fabric is generally limited, and continuous data collection and transmission consume much energy [30] . Given the great information redundancy in the spatiotemporal environment collected by multiple sensing fabrics when multiple users are in the same space, the energy consumption optimization of sensing fabric is also explored in this article. By reducing the information redundancy of the spatiotemporal environment, the sensing fabric is dynamically and adaptively selected for data transmission to reduce the overall energy consumption.
In general, the main contributions of this article can be summarized as follows:
• Firstly, the article proposes a smart urban living architecture, which uses sensing fabric as the terminal of emotion data collection. The architecture also includes multi-source and heterogeneous emotion cognition and interaction with sensing fabric.
• An overall energy consumption optimization model for sensing fabrics is proposed. The amount of data for transmission is reduced by reducing information redundancy in the spatiotemporal environment related to emotion data to reduce the energy consumption of sensing fabrics and to improve the user's emotional interaction experience.
• The effectiveness of the energy consumption optimization model for sensing fabric was verified through a simulation experiment.
The remainder of this paper is organized as follows: smart urban living architecture is introduced in detail in Section II, the energy consumption optimization model is illustrated in Section III, and the simulation experiment is described in Section IV to verify the effectiveness of the system.
II. SYSTEM OVERVIEW
The smart urban living structure established in this article is a human-centered emotional perception and interaction system with sensing fabric as the IoT terminal. As shown in Fig. 1 , the system mainly consists of three parts: data collection with sensing fabric, multi-source and heterogeneous emotion cognition, and emotion-guided interaction with sensing fabric. Different functions are realized in different parts, the details are given below.
A. DATA COLLECTION WITH SENSING FABRIC
Sensing clothes and bracelets made of flexible wires, dry electrodes, and various body sensors can continuously collect physiological data. Electrodes and sensors that detect brain waves can be embedded into the cap of a user to collect EEG data in a non-invasive, non-interfering way [32] , [33] . Some studies have shown that when users are in a state of emotional fluctuation, their physiological data will also change, and this physiological change cannot be camouflaged by users; thus, it has certain objectivity for emotional analysis [34] - [36] . Sensing clothes and hats can also collect the voice and expression data of a user. Emotion recognition of voice and expression is the mainstream mode of current research in the field of emotion cognition, which can directly reflect the changes in a user's emotions. Besides, sensing fabric can also continuously collect user information from their living environment and trajectory. As the auxiliary information and external factors of user emotion recognition, environmental information can help to infer the cause of a certain emotion to interfere as early as possible. This is especially the case for users with emotional disorders, such as depression, so that putting them in such an environment can be avoided. However, this also results in great redundancy in the environmental information collected by sensing fabrics of multiple users in the same spatiotemporal environment. Therefore, to reduce the total energy consumption of various sensing fabrics, it is necessary to adopt certain strategies to reduce the data redundancy in the spatiotemporal environment [37] .
B. MULTI-SOURCE HETEROGENEOUS EMOTION DATA COGNITION
The data related to emotional analysis and collected by sensing fabrics are heterogeneous, multi-dimensional, multimodal, and of spatiotemporal correlation, and the involved data analysis algorithm is relatively complicated. Therefore, the cognitive model of multi-source heterogeneous emotion data is deployed in the cloud. Firstly, the feature extraction of emotion related physiological data is carried out, such as extracting the time-domain and frequency-domain features of EEG and ECG, and then emotion classification is carried out with classifiers. For speech and facial expression data, artificial intelligence algorithms such as deep learning are used to automatically extract and classify emotion-related features. And then the decision fusion algorithm is used to modify the two types of emotion recognition labels to get the final emotion recognition results [38] . It is also necessary for the cloud to match the emotional identification results with the corresponding spatiotemporal environment information according to the emotional reasoning model to further infer the deep reasons for a user's emotional state. Furthermore, the cloud can also learn about the remaining power of the sensing fabric and the communication resources of the network, and run the energy consumption optimization algorithm of Section III to determine the amount of data to be transmitted by each sensing fabric and the communication resources allocated to each.
C. EMOTION-GUIDED INTERACTION WITH SENSING FABRIC
As the IoT terminal of smart urban living, sensing fabric cannot only perform the function of data collection, but can also be used as a new method of human-computer emotion interaction. Besides, smartphones are also needed to jointly complete emotion feedback and interaction with users. According to the results of multilevel cloud collaboration, sensing fabric and smartphone terminals need to make different interactive feedback for the different emotional states of users. For example, when the emotional analysis results in the cloud show that there is depression or sadness, the voice interaction module at the collar of the sensing fabric can play healing music and encouraging words. The sensing doll, embedded with a flexible tactile sensor, can also initiate tactile interactions with users, such as hugging and patting, to comfort users and improve their emotional state. Furthermore, for users with serious emotional diseases, when it is detected that the user has a certain suicidal tendency or is in a dangerous emotional state, the system can send an emergency notice to the user's family members or doctor, or even call the police for help, to minimize harm to the user.
III. ENERGY CONSUMPTION OPTIMIZATION MODEL FOR SENSING FABRICS BASED ON INFORMATION REDUNDANCY IN SPATIOTEMPORAL ENVIRONMENT
The ultimate goal of smart city development is to enable people living in it to have a more intelligent and convenient life. As a kind of IoT terminal form in the smart city, the new VOLUME 8, 2020 generation of sensing fabric is favored by an increasing number of users because of its mobility and flexibility. Generally, sensing fabrics are wearable fabrics that are of the always open type. Frequent charging or battery replacement will greatly reduce the quality of user experience. Therefore, it is necessary to research on how to conduct energy management and extend the life cycle of sensing fabrics. When multiple users are in the same space and time, multiple sensing fabrics collect the same environment information, which results in great information redundancy of the spatiotemporal environment. Therefore, this section introduces how to dynamically and adaptively select sensing fabrics to transmit data and the sleep strategy to minimize the overall energy consumption of sensing fabrics in the space, and thus make the smart urban living experience better. The overall model flowchart is shown in Fig. 2 .
A. SPATIOTEMPORAL ENVIRONMENTAL INFORMATION REDUNDANCY
In a stable environment, multiple sensing fabrics of multiple users in the same space collect the same spatiotemporal environment information. If each user's sensing fabric uploads the data to the cloud for fusion analysis and processing, it will greatly increase the energy consumption of fabric transmission and the data flow of the network environment, causing a lot of expenditure. Therefore, an analysis should be conducted as to which sensing fabrics collect data that are highly correlated and repeated based on the spatiotemporal environmental information redundancy. Moreover, cognition on the resource state (e.g., the remaining power of battery, network resources situation, processing power of the microprocessor, and data sampling rate) of the sensing fabrics within a certain space is conducted, and an optimal combination is selected to enable these sensing fabrics to collect a certain amount of data in the time series for transmission to the cloud.
It can be assumed that two sensing fabric devices in the same spatiotemporal environment are denoted as F1 and F2. The values of F1 and F2 are F 1 = {F 11 , F 12 , . . . , F 1m } and F 2 = {F 21 , F 22 , . . . , F 2m } respectively, and m indicates that there are m values for the two sensing fabrics. In a relatively stable spatiotemporal environment, each user's sensing fabric collects the same information. If every sensing fabric collecting the environmental information in the same space transmits data separately when the value of the environmental information is image or even video, then it will cause a great burden to both the fabric and the network. According to Shannon's information theory [31] , the amount of information carried by F1 and F2, that is, information entropy, can be calculated as follows:
H (F 1 ), H (F 2 ) stands for information entropy of two sensing fabrics, respectively; p(F 1i ) is the probability value when the value of the sensing fabric F 1 is F 1i ; and, similarly, p(F 2i ) is the probability value when the value of the sensing fabric F 2 is F 2i . Then, according to conditional probability and the information entropy of the two sensing fabrics, it can be known that H (F 1 |F 2 ), the conditional entropy of the sensing fabric F1 when F2 is known, can be expressed as:
where p(F 1i , F 2i ) is the joint probability distribution that F 1 and F 2 obey, and p(F 1i |F 2i ) is occurrence probability of F 1 in condition of F 2 . Then, the mutual information entropy I (F 1 ; F 2 ) of F 1 and F 2 can be obtained, that is, the redundancy R 12 of the spatiotemporal environment information collected by the two kinds of sensing fabric can be obtained as follows:
Here, R 12 measures the redundancy of environment information collected by the sensing fabric. For M sensing fabrics in a stable environment, the redundancy R 12 , R 13 , . . . , R (M −1)M between every two sensing fabrics is calculated respectively according to the above-stated formula. If the redundancy is greater than the given threshold value θ , the environmental information is considered to be repetitive, and thus it is not necessary to upload the data collected by each sensing fabric to the cloud. Based on this, a group of redundant sensing fabrics F can be found in the same spatiotemporal environment, and F = F 1 , F 2 , . . . , F N . N indicates that there are a total of N sensing fabric nodes that collect the same space-time environment information.
Then, the optimal data transmission strategy is adopted for these N sensing fabric nodes.
B. ENERGY CONSUMPTION OF SENSING FABRIC IN COLLECTION
In general, the energy consumption of sensing fabric includes the energy consumed by the circuit itself, the energy consumed when the fabric collects data, the energy consumed when the fabric processes or calculates data, and the energy consumed when the fabric transmits data. The sensing fabric in this article is emotion cognition and interaction-oriented. The demand for computing ability is high because the fusion and cognition of multmodal emotion data rely on a complicated AI algorithm model. Moreover, in smart city scenes, the collected emotion data of users is large-scale, especially for the data like images, video, and voice, and the preprocessing and analysis are relatively complicated. Therefore, computing is not conducted in the sensing fabric locally but rather transmitted to the edge cloud or remote cloud for further processing and analysis. Therefore, the computation energy consumption E c F j is not calculated. The energy consumption of the circuit itself can be ignored since the energy consumption of the circuit itself is far less than that of data collection and transmission.
The energy consumption of sensing fabric in data collection is mainly related to the sampling rate, sampling duration, and the amount of data collected. According to the bit hop energy model and Hao et al. [39] , the energy E s F j consumed by sensing fabric F j in data collection can be expressed as follows:
where j ∈ 1, 2, . . . , N , α F j is the energy consumed when sensing fabric F j collects a unit bit of data, and L F j is the amount of data that sensing fabric F j needs to collect and transmit.
C. ENERGY CONSUMPTION OF SENSING FABRIC IN TRANSMISSION
The energy consumption E t F j when the sensing fabric transmits data can be calculated by the following formula:
Here, P F j is the transmission power of sensing fabric, and t F j is the time required for the sensing fabric F j to transmit data of size L F j . Next, the relationship between the transmission power P F j and the amount of data L F j needs to be further analyzed. According to Hao et al. [39] and You et al. [39] , the capacity of the channel to transmit data, that is, the data rate C F j that the channel can transmit in unit time, can be calculated as follows:
where B is the bandwidth of the channel, is white Gaussian noise in the channel, and g F j is channel gain. According to the two formulas for calculating the data transmission rate C F j in Equation (6), the equation
can be obtained so that the channel transmission power P F j is:
By substituting Formula (7) into Formula (5), the energy consumed by the sensing fabric F j to transmit the data amount L F j can be obtained as follows:
D. ENERGY CONSUMPTION OPTIMIZATION MODEL OF SENSING FABRIC
According to contents in above two subsections, the total energy consumption E total F j of sensing fabric in collecting and transmitting data of size L F j can be obtained as follows:
Since the energy of each sensing fabric is limited, the total energy consumption needs to meet E total
is the current residual energy of sensing fabric. The goal is to conduct allocation of data transmission strategy for a set of sensing fabrics F 1 , F 2 , . . . , F N with highly redundant information in the same spatiotemporal environment and to reduce the amount of data transmission through optimal data allocation strategy, so as to reduce the total energy consumption of sensing fabrics in this space, namely:
In the constraint conditions, T is the maximum duration that the system can bear when the total amount of data transmission is L. According to the optimization problem defined above, it can be solved further according to the genetic algorithm to acquire the optimal data amount L F j = arg min L F j F j ∈F E total F j allocated for each sensing fabric device. 
IV. EXPERIMENT
In smart urban living, a variety of flexible sensors are deployed in the sensing fabric to collect signals from the human body and the surrounding environment. The smart city architecture introduced in this article is emotion-guided interaction between users and sensing fabrics. A variety of physiological and psychological signals of the user are collected by the sensing fabrics as well as the spatiotemporal environment information that assists in emotion recognition. This section mainly introduces the simulation experiment with optimized energy consumption of sensing fabrics. Firstly, the parameters of the simulation experiment are set, and then the relevant factors affecting the overall energy consumption are analyzed by allocating the optimal data transmission amount for each sensing fabric sensor.
A. EXPERIMENT SETUP
This study uses MATLAB for the simulation experiment. In a specific spatiotemporal environment, assume that there are 35 sensing fabrics in working state, and the data type and information amount collected by the embedded flexible sensors of these sensing fabrics are set. Then, the information entropy and the redundancy between every two sensing fabrics are calculated respectively. The threshold θ of the redundancy is set to 0.9. Finally, it is calculated that the information collected by the relevant flexible sensors of 10 types of sensing fabrics is larger than the set threshold.
For simplicity, it is assumed that the channel gain g F j is 0.001 and remains unchanged when the sensing fabric transmits data to the edge cloud, and the transmission bandwidth is 2MHz. Regarding You et al. [40] , the white Gaussian noise of the channel is set to 10 −9 w. Furthermore, it is assumed that the energy α F j consumed when each sensing fabric collects unit data is randomly distributed between [0.01, 0.1], and the unit of α F j is mJ /bit. As for the remaining energy E r F j of every sensing fabric, it is assumed that it is randomly distributed between [1mJ, 20mJ]. The relevant simulation parameters are set as shown in Table 1 .
B. ENERGY CONSUMPTION ANALYSIS OF SENSING FABRICS
The data size transmission allocation model of sensing fabric based on the spatiotemporal environment information redundancy proposed in this article is compared with the random data transmission allocation strategy in this subsection. The relationship between the overall energy consumption and the total data size, transmission deadline, and the number of sensing fabrics is mainly analyzed. The random data transmission allocation strategy does not recognize the collection and processing capacity nor the remaining energy of each sensing fabric, but randomly allocates the transmission size for each sensing fabric according to the total data transmission requirements.
Assuming that the longest transmission waiting time is 100 ms, Fig. 3 shows the change in overall energy consumption of 10 sensing fabrics with the total transmission data size. It can be seen that with the total required data size L increasing from 512bit to 1024bit, the overall energy consumption of both schemes is increasing constantly. This is because the amount of data transmission allocated to the sensing fabric increases as the total amount of data transmission increases, and thus the total transmission energy consumption increases. In the energy consumption optimization model proposed in this article (called the optimized data transmission allocation), the energy consumption increases approximately linearly with the total data size, but it is always lower than that of the random data transmission allocation strategy. Furthermore, with the increase of the total data size, the difference between the two schemes has a growing trend. The optimized data transmission allocation model reduces the energy consumption by 25.23% on average compared with the random data transmission allocation strategy.
Assuming that the required total transmission data size L is 1024 bit, Fig. 4 shows the change of the overall energy consumption with the longest transmission waiting time. As the longest transmission waiting time of the system increases, the total energy consumption of both schemes decreases. This is because the pressure of sensing fabrics on transmission delay will be reduced as the tolerable longest delay for the system increases, and thus the total energy consumption will be reduced. Moreover, as the transmission deadline increases constantly, the attenuation in total energy consumption is increasingly slower before finally converging to the vicinity of 10.24 mJ. However, in the random data transmission allocation scheme, although the overall trend of the curve is declining, there will still be fluctuations without convergence.
Assuming that the total data size is 1024 bit and the maximum transmission deadline is 100 ms, the relationship between the overall energy consumption and the number of sensing fabrics whose spatiotemporal environmental information redundancy exceeds a given threshold can be analyzed. As shown in Fig. 5 , the total energy consumption of both schemes decreases constantly as the quantity of sensing fabrics increases. Obviously, the data allocation model based on the spatiotemporal environment information redundancy is superior to the random data transmission allocation strategy.
V. CONCLUSION
This article first analyzes and explores the application prospects of a smart city with sensing fabrics. Then the smart urban living driven by emotion-guided interaction with sensing fabrics is proposed. And its architecture is designed in detail, including data collection with sensing fabric, multi-source and heterogeneous emotion data cognition, and emotion-guided interaction with sensing fabric. Furthermore, since there is a large amount of redundancy in the information collected by various sensing fabrics in the same spatiotemporal environment, a data transmission allocation scheme is proposed aimed at reducing the total energy consumption of sensing fabrics. Additionally, the simulation experiment is carried out to verify the effectiveness of the proposed model. In future work, we will explore the relationship between specific spatiotemporal environment information and user emotion. 
